Interaction between islet cell subtypes and the extracellular matrix influences beta-cell function in mammals. The tissue architecture of rodent islets is very different to that of human islets; cell-to-cell communication and interaction with the extracellular matrix may vary between species. In this work, we have compared the responses of the human EndoC-βH1 cell line to non-human and human-derived growth matrices in terms of growth morphology, gene expression and glucose-stimulated insulin secretion (GSIS). EndoC-βH1 cells demonstrated a greater tendency to form cell clusters when cultured in a human microenvironment and exhibited reduced alpha cell markers at the mRNA level; mean expression difference − 0.23 and − 0.51; p = 0.009 and 0.002 for the Aristaless-related homeobox (ARX) and Glucagon (GCG) genes respectively. No differences were noted in the protein expression of mature beta cell markers such as Pdx1 and NeuroD1 were noted in EndoC-βH1 cells grown in a human microenvironment but cells were however more sensitive to glucose (4.3-fold increase in insulin secretion following glucose challenge compared with a 1.9-fold increase in cells grown in a non-human microenvironment; p = 0.0003). Our data suggests that the tissue origin of the cellular microenvironment has effects on the function of EndoC-βH1 cells in vitro, and the use of a more human-like culture microenvironment may bring benefits in terms of increased physiological relevance.
Introduction
Communication between pancreatic beta cells and other endocrine cell types is important for the maintenance of beta cell fate and function [1] [2] [3] . Within islets, beta cells interact intimately with the microenvironment, critical for glucose sensing and the regulation of islet cell function [1] [2] [3] . The cellular microenvironment of beta cells is also known to influence cell behaviour and survival [4] [5] [6] and can influence aspects of growth morphology, such as cell density, which is vital to beta-cell survival as well as influencing differentiation, cell-cell signalling and function [7, 8] . Differences in pancreatic islet architecture, between humans and other species such as rodents, have also been shown to have implications for cell-to-cell crosstalk and beta-cell function [9] [10] [11] .
Accordingly, several features of beta cell function and behaviour also differ between species. Glucose sensitivity and transport are different between human and rodent beta cells, with the major glucose transporter being GLUT2 (encoded by the solute carrier family 2 member 2 (SLC2A2) gene) in rodents and GLUT1 and GLUT3 (encoded by the SLC2A1 and SLC2A3 genes) in humans [10] [11] [12] [13] . Proliferation rate and expression of cyclin dependent kinases also vary between rodents and man, as do responses to cellular stress, pancreatic beta-cell injury and inflammation [10, 11, [14] [15] [16] [17] [18] . There are also important transcriptomic distinctions between species, with insulin being coded for by one gene (INS) in humans but two genes (Ins1 and Ins2) in rodents [10, [19] [20] [21] [22] . Gene expression differences, especially in relation to stress response, are also seen in human beta cells compared with rodent cells, most notably in neurogenin3 (NGN3), NANOG homeobox (NANOG), POU class 5 homeobox 1 (POU5F1 (Oct4)), L-Myc-1 proto oncogene (MYCL1), paired box 4 (PAX4) and MAF BZIP transcription factor B (MAFB) expression [16] .
Given the importance of cellular microenvironment to beta-cell fate and function, it follows that the nature of the microenvironment may influence these features in in vitro culture systems. Model systems to investigate the effect of a non-human cellular microenvironment have been difficult to source until recently since fully functional human beta cell lines have been few and far between. The creation of EndoC-βH1, a human cell line derived from fetal pancreata, has provided a new and physiologically-relevant model system for the investigation of beta cell function in vitro [10, 14, 19, 22] . These cells demonstrate stable insulin gene expression across multiple passages and are responsive to glucose [10, 14, 19, 22] . Like many other differentiated cell lines, EndoC-βH1 cells require an extracellular matrix (ECM) coat containing fibronectin and other components such as Fraction V for culture [22] . This requirement allows investigation of the effects of different components of the cellular microenvironment on aspects of beta cell behaviour.
In this work, we have compared the effects of a non-human culture microenvironment with those of a culture system containing only human components on aspects of cell morphology and culture dynamics, beta-cell function (insulin content, insulin processing and glucose-stimulated insulin secretion), and on the transcriptional output of genes involved in beta-cell differentiation status and beta-cell identity. Cells cultured according to these modified protocols grow reliably in pseudo islet-like structures, and can be propagated for long periods of time without compromise to beta-cell survival, function or phenotype. Cells also show evidence of a more consolidated beta-cell phenotype at the transcriptional level, with increased expression of mature beta cell markers and decreased expression of markers associated with other islet subtypes. These data highlight the potential advantages of propagating human beta cell lines in a microenvironment more reminiscent of human physiology, when considering aspects of islet biology in experimental systems.
Methods

2.1.
Modified culture conditions for EndoC-βH1 cell microenvironment 2.1.1. Non-human microenvironment EndoC βH1 cells (Endo Cells, INSERM, France) were cultured on an ECM coat consisting of DMEM 4.5 g/L (Thermo Fisher, Waltham, MA USA), matrigel (100 μg/mL) fibronectin from bovine plasma 2 μg/mL coat (both from Sigma-Aldrich, Steinheim, Germany), and cultured in DMEM 1 g/L glucose (Thermo Fisher, Waltham, MA, USA) 2% BSA fraction V (Merck Chemicals, Darmstadt, Germany), 10 mM nicotinamide (Sigma-Aldrich, Steinheim, Germany) 50 μM β-2-Mercaptoethanol, 5.5 μg/mL transferrin, 6.7 ng/mL sodium selenite, and 100 U/mL penicillin and 100 μg/mL streptomycin (Sigma Aldrich, Steinheim, Germany)
Human microenvironment
EndoC-βH1 cells were cultured on Maxgel ECM mixture liquid (Sigma Aldritch, Steinheim, Germany) containing fibronectin from human plasma (Sigma-Aldritch, Steinheim, Germany). Culture medium (DMEM 1 g/L glucose, Thermo Fisher Waltham, MA USA) contained 2% human serum albumin fraction V (Merck Chemicals, Darmstadt, Germany), 100 U/mL Penicillin and 100 μg/mL streptomycin, 50 μM β-2-Mercaptoethanol (Sigma-Aldrich, Steinheim, Germany), 10 mM nicotinamide (Sigma Aldritch Steinheim, Germany), 5.5 μg/mL human transferrin (Sigma Aldritch, Steinheim, Germany) and 6.7 ng/mL of sodium selenite (Sigma Aldritch, Steinheim, Germany). Cells were passaged using TRYPLE 1x (Thermo Fisher, Waltham, MA, USA) and neutralised with heat inactivated human serum from human male AB plasma (Sigma Aldritch, Steinheim, Germany). 
Immunofluorescence characterisation of EndoC-βH1 cells cultured in human microenvironment
Immunofluorescence staining was used to determine expression of mature beta cell markers in EndoC-βH1 cells grown in conditions to mimic a more human microenvironment, compared with cells grown using the standard non-human culture reagent protocol. EndoC-βH1 cells were cultured on coverslips for 72 h before fixing with 4% paraformaldehyde for 15 min at 4°C. Primary antibodies for PDX1 (Abcam Ab47267, rabbit polyclonal) and NEUROD1 (Abcam Ab60704, mouse monoclonal) were diluted in phosphate buffered saline (PBS) with .1 M Lysine, 10% donor calf serum, .02% sodium azide and .02% Triton (ADST), to permeabilise the cell membranes, at concentrations of 1/500 and 1/400 respectively and incubated overnight. Primary antibodies were visualised using highly cross-absorbed secondary antibodies (Life Technologies) also diluted in ADST at 1/400: goat anti-rabbit for PDX1 at 1/400 (555 nm) and goat anti-mouse for NEUROD1 at 1/400 (555 nm) and incubated for 1 h. Insulin antibody (80564, LN10088287 Dako) was diluted in ADST at a concentration of 1/700 and incubated for 1 h. Secondary goat anti guinea-pig insulin along with DAPI (SigmaAldritch D9542), were diluted in ADST at respective concentrations of 1/400 and 1 μg/mL. Slides were visualised using a LEICA DM4000 B-LED fluorescence microscope using LAS X image software.
Assessment of glucose-stimulated insulin secretion
EndoC-βH1 cells were seeded onto 24 well plates at 4 × 10 5 per well and cultured for 72 h in separate cultures. Cells were then transferred to a culture medium containing 2.8 mM glucose as a starvation medium and cultured overnight, before being incubated for 1 h in a starvation medium containing 0.5 mM glucose in HEPES Krebs Ringer Buffer (KRB) at pH 7. 
Candidate genes for expression analysis
Target genes were selected for their roles in beta cell fate, maturity and function. Selection included genes that are typically disallowed in beta cells due to their roles in inappropriate insulin release as a result of lactate and pyruvate metabolism in response to exercise, notably SLC16A1 and LDHA. Alongside these, genes were also selected as indicators of cell stress and apoptosis, including MYC, ARNT, HIF1a and DDIT3. Transcription factors with roles in the regulation of beta cell fate were also selected, including: PAX4, PDX1, ARX, MAFA, MAFB, FOXO1, NKX6.1, NGN3 and NKX2.2. PAX4 and ARX act in a negative regulatory feedback axis. PAX4, favours the beta cell fate, while ARX is an alpha cell gene. It is also known to act in parallel with NKX2.2 to regulate beta cell differentiation status and increase PDX1 expression, which is known to be a master regulator of beta cell fate [9, 23] . MAFA regulates the insulin gene and is typically only expressed in mature beta cells and is also involved in increased expression of PDX1 [24] . MAFB, although not typically expressed in mouse beta cells is known to be expressed in human cells [25, 26] . FOXO1 is important in gluconeogenesis, beta cell differentiation and the maintenance of beta-cell function during cell stress via continued insulin secretion by acting on MAFA and NEUROD1 [27, 28] . Reduced expression of NKX6.1 has been reported in T2D, leading to a loss of beta-cell function [24] . It also negatively regulates ARX expression to maintain beta cell identity and has also been shown to be associated with changes in beta cell fate, and in particular, with beta cell to delta cell trans-differentiation [27] . Although primarily required for induction of PAX4 expression in pancreatic endocrine development, NGN3 persists in the mature pancreas maintaining islet cell identity and studies in mouse models suggest it plays a role in beta cell dedifferentiation in response to diabetogenic stimuli [20] . NKX2.2 is restricted to beta cells and a subset of alpha and PP cells in mature islets and has roles in the maintenance of beta-cell function and fate [27, 29] .
Quantitative real-time polymerase chain reaction (qRT PCR) assessment of gene expression
RNA was extracted using the TRI®reagent (Sigma-Aldrich, Steinheim, Germany), chloroform (Thermo Fisher, Waltham, MA, USA) method. Cells were washed in Dulbecco's phosphate buffered saline (D-PBS). TRI® reagent was used to harvest RNA, 10 μL of MgCl 2 (Thermo Fisher, Waltham, MA, USA) and 200 μLof Chloroform added. Samples were centrifuged at 14,800 rpm, 4°C for 20 mins, the clear aqueous layer removed and 500 μL of isopropanol (Thermo Fisher, Waltham, MA, USA) added for overnight precipitation. Samples were centrifuged at 14,800 rpm, 4°C for 45 min to form RNA pellet. The pellet was then repeatedly washed using 75% molecular grade ethanol (Thermo Fisher, Waltham, MA, USA), air dried and then re-suspended in 20 μL RNasefree water. cDNA synthesis was carried out using Superscript® VILO™ cDNA synthesis kit (Thermo Fisher, Waltham, MA USA). Samples were normalised to 100 ng/μL RNA prior to reverse transcription.
We measured the expression levels of 34 target genes by quantitative real-time PCR. Endogenous control genes were PPIA, UBC, HPRT1, GUSB, B2M and IDH3B Reaction mix included 2.5 μL Taqman® Universal PCR mastermix II (no AmpErase® UNG) (Thermo Fisher, Waltham, MA, USA), 1.75 μL dH 2 O, 0.5 μL cDNA and 0.25 μL Taqman® gene assay (Thermo Fisher, Waltham, MA, USA) in a 5 μL reaction volume. The reaction mixes were spun, vortexed and re-spun at 3000 rpm to ensure reagents were well mixed before being added to a 384 well qRT-PCR plate. Cycling conditions were: 50°C for 2 min, 95°C for 10 min and 50 cycles of 15 s at 95°C for 30 s and 1 min at 60°C. Reactions were carried out in 3 biological replicates and 3 technical replicates. The relative expression of each test transcript was calculated by the comparative Ct technique which was used to calculate the expression of each test transcript. Expression was assessed relative to the global mean of expression across all transcripts which was empirically determined not to vary across test conditions. Expression levels were normalised to expression levels as seen in unstimulated EndoC-βH1 cells cultured in a non-human microenvironment. The data were log transformed to ensure normal distribution and differences in gene expression levels were then investigated by student independent t-test carried out using SPSS version 23 (IBM, North Castle, NY, USA). Data were presented as means ± S.E.M.
Results
EndoC-βH1 cells show morphological changes when cultured in a more 'human-like' microenvironment
EndoC-βH1 cells cultured in a cellular microenvironment containing only human components showed no observational change in replication rate compared with cultures grown according to standard protocols, and this remained stable over eight passages. Population doubling (PD) showed no differences between culture methodologies (p = 0.975, mean difference 0.023). Culture in human reagents showed populations doubling values of (mean PD = 18.98 h, n = 3) while those cultured using non-human reagents had values of (mean PD = 19.0 h, n = 3). The cells showed an increased tendency to form three-dimensional structures resembling pseudo-islets under human culture conditions, which were visible under fluorescence microscopy, whereas cells cultured in a non-human microenvironment, grew as a flat confluent monolayer (Fig. 1, images C and D) . EndoC-βH1 cells grown in the 'human' microenvironment, analysed and quantified, appeared smaller and more rounded compared with cells grown in a non-human microenvironment; the median area in μM for cells cultured in non-human reagents was 81.2 μM compared with 77.6 μM for cells in human reagents although this was not quite statistically significant (p = .070). However, despite this difference in area, there was no increased evidence of nuclear blebbing when cells were visualised using a nuclear dye (Fig. 1). 
EndoC-βH1 cells cultured in a more human microenvironment demonstrate no alteration in insulin secretion, insulin processing or protein expression of mature beta cell markers
We measured insulin secretion, insulin processing and expression of the mature beta cell proteins Pdx-1 and NeuroD1 in EndoC-βH1 cells cultured in a human-like microenvironment by immunofluorescence (IF). EndoC-βH1 cells stained positively with antibodies against both insulin and pro-insulin, suggesting that they contain both pro-insulin and processed 'free' insulin, and there was no discernible difference in localisation or intensity of the insulin or pro-insulin staining between the two conditions (Fig. 2) . EndoC-βH1 cells cultured in both systems were also assessed for expression of the mature beta cell markers NeuroD1 (p = 0.335; mean difference − 2.72, standard error 2.79; Fig. 3 ) and Pdx-1 (p = .164, mean difference 3.91, standard error 2.76; Fig. 3 ). No difference in the level of protein expression of either marker was identified in EndoC-βH1 cells cultured using either methodology.
3.3. EndoC-βH1 cells cultured in a more human microenvironment exhibit enhanced glucose stimulated insulin secretion (GSIS) compared with those cultured in a non-human microenvironment
We assessed basal insulin release and glucose-stimulated insulin secretion (GSIS) in cells cultured in non-human or human-like microenvironments by ELISA. Cells cultured in a non-human microenvironment stimulated with 20 mM glucose showed a doubling in insulin secretion compared to unstimulated controls which reproduces results found by Anderson et al. (0.13-0.24, n = 10, p = 0.047; SD = 0.015; Fig. 4 ) [19] . However, we used a Bonferonni correction to take into account multiple testing and under these conditions (p = < 0.016) the cells cultured in a non-human environment did not show a statistically significant increase in insulin secretion following glucose stimulation. In contrast, the cells cultured in a human-like microenvironment showed a much stronger response, demonstrating a 4-fold increase in insulin secretion compared to unstimulated cells following glucose stimulation (0.11-0.47 p = 0.006; SD = 0.03; Fig. 4) . A significant difference in insulin release in glucose-stimulated cells cultured in a human microenvironment (0.471 mU/L) was detected compared with those cultured in a non-human microenvironment (0.239 mU/L; p = 0.0003).
EndoC-βH1 cells cultured in human reagents have an increase in key genes involved in beta-cell fate
We compared the expression of a panel of candidate genes involved in beta-cell function or maintenance of beta cell differentiation status in EndoC-βH1 cells cultured in a more human microenvironment compared with those cultured in a non-human microenvironment. The genes assessed are described in Table 1 . Although overall there was little difference in the gene expression profile between the two different culture methodologies, we did identify some changes in genes relating to alpha cell-like phenotypes. We identified a decrease in the alpha cell marker aristaless related homeobox (ARX) in a human-like microenvironment compared with cells cultured in a non-human microenvironment; (mean difference − 0.623, standard error 0.072, p = 0.003; Fig. 4) . Expression of transcripts encoding glucagon (GCG) showed lower expression in EndoC-βH1 cells cultured in a more human microenvironment compared with cells cultured in a non-human microenvironment (RQ mean difference − 0.577, standard error 0.064, p = 0.001; Fig. 4 ). There was a concomitant increase in PAX4 expression in a human-like microenvironment compared with in cells cultured in a non-human microenvironment (mean difference 0.349, standard error 0.092, p = 0.032; Fig. 4 ). Finally, we noted an increase in the expression of transcripts encoding the pancreatic glucose sensor glucokinase (GCK); mean expression in cells cultured in a human microenvironment when compared with cells cultured in a non-human microenvironment; (mean difference, 0.244, standard error 0.070 p = 0.028; Fig. 4 ).
Discussion
Beta cells in the human native islet are subject to intimate interaction with the extracellular microenvironment, and communication between pancreatic endocrine cells is important for regulation of betacell function and cell identity [1] [2] [3] . There are major differences between rodent islets and human islets in terms of cellular signalling, glucose transport and transcriptomic output, which have consequences for beta cell fate and beta-cell function [9, 12, 13, 21] . It follows therefore, that the composition of the cellular microenvironment may influence studies of beta cell biology in human cells in vitro. Here, we assess differences in beta-cell growth, glucose sensitivity and the expression of genes associated with beta-cell function or differentiation in the human beta cell line EndoC-βH1 cultured in human and non-human cellular microenvironments. We demonstrate that EndoC-βH1 cells demonstrate altered cellular morphology and enhanced response to glucose when cultured in a more human microenvironment. These features are accompanied by changes in the expression of genes associated with beta cell differentiation or beta-cell function consistent with a more consolidated beta-cell phenotype.
The cellular microenvironment is known to influence cell fate and differentiation status for many types of cells [30] [31] [32] [33] . Fibronectin, in particular, is known to mediate mesodermal cell fate decisions [34] . The extracellular matrix has particular importance in determining the functionality and survival of pancreatic beta cells [1] [2] [3] . Species differences in characteristics of extracellular matrix have previously been reported in relation to extracellular matrix components [35] . Given these observations, it is perhaps unsurprising that cells may behave differently when cultured in cellular microenvironments derived from different species. The increased tendency of the cells to form beta cell only pseudo islet structures when cultured in human derived reagents may improve cell-cell communication and previous studies have shown its importance for insulin secretion in islets [36, 37] . Whilst basal insulin secretion was similar in EndoC-βH1 cells cultured in human and non-human cellular microenvironments, cells maintained in a more human-like microenvironment demonstrated an enhanced response to glucose in terms of insulin secretion. Human beta cell lines typically exhibit 2-3 fold increases in insulin secretion in response to a glucose stimulus, representing a release of approximately 10% of their insulin content [19, 38, 39] and our results are consistent with this. Since the cells were seeded at the same density and have equivalent PD times, it is not thought that the differences in insulin secretion were caused by differences in cell numbers in culture. Our data suggest that the glucose sensing and secretion machinery remains intact in EndoC-βH1 cell cultured according to our protocols, and that these responses may perhaps be more physiologically representative of primary human beta cells when these cells are cultured in a more human microenvironment.
We also assessed the effects of human and non-human cellular microenvironments on the expression of genes involved in beta-cell function or beta cell identity in EndoC-βH1 cells. Although we saw little change in expression levels of the majority of genes expressed, changes in markers of alpha cell function (GCG, ARX, which were downregulated) and some genes involved in maintenance of beta cell state (PAX4, which was upregulated) were noted. This finding is consistent with models in the literature which describe a regulatory feedback axis between ARX and PAX4, where the latter downregulates ARX expression to maintain beta cell fate [27, [40] [41] [42] . However, a recent study comparing rodent and human beta cell transcriptomes noted that in the mice, while Pax4 is required for Arx repression, it was undetectable in mature mouse beta cells [43] . Total somatostatin RNA levels were lower in cells cultured in human reagents, but this did not reach statistical significance (Table 1) . This is consistent with a more consolidated beta cell phenotype through repression of delta cell characteristics. We also identified an increase in the expression of glucokinase (GCK) transcripts in EndoC-βH1 cells cultured in a more human-like microenvironment. Glucokinase is a metabolic sensor which is involved in the regulated secretion of insulin [44] , and is also a MODY gene (MODY subtype 2) [45] . The changes in gene expression that we note in our work are probably not confined to the genes we have tested, and emphasise the importance for transcriptomic studies to be carried out using the most physiologically-relevant model systems [21, 24, 25, 46, 47] .
The existence of a human cell model such as EndoC-βH1 is a great advantage for characterising disease in humans, but there are inevitably some limitations. EndoC-βH1 cells have been reported to express some disallowed genes [19] . These are genes which are typically not expressed in human beta cells due their roles in pyruvate and lactate metabolism, as this is imperative to protect against exercise induced insulin secretion. In primary beta cells the lactate dehydrogenase A (LDHA) and solute carrier family 15 member 1 (SLC16A1) genes are typically expressed at minimal levels [48] . We identified that regardless of the culture microenvironment, EndoC-βH1 cells express the LDHA and SLC16A1 genes at relatively high levels. LDHA and SLC16A1 code for proteins involved with pyruvate metabolism. They are disallowed in beta cells to prevent both inefficient processing of glycolytic products negatively impacting insulin secretion as well as exercise induced insulin release due to inappropriate pyruvate metabolism [48] .
The strengths of this study are the creation of a fully human in vitro model system for the study of beta cell biology in the context of human disease. Although islets remain the gold standard for analysis of human disease, EndoC-βH1 represent a good step forward and offer an acceptable, and tractable, substitute, comparable to newly developed Def-PANC IPSC cell lines. Although the findings of this study show that the use of human derived reagents provides a culture environment which is equivalent to the standard culture methodology for EndoC-βH1 cells, there have been some challenges in developing the new protocol. This was particularly relevant for replacing the non-human ECM with a human equivalent and took some time to optimise. Further there are greater cost implications for sourcing human derived reagents. Despite such limitations it is clear that the novel culture methodology described here can improve the physiological relevance of the cellular micro-environment and provides a more human-like in vitro model system. We have shown that the species origin of the cellular microenvironment has affects and needs to be considered. Furthermore, our findings suggest that for EndoC-βH1 cells, this improves GSIS response and potentially consolidates mature beta cell status in this cell line. This study also represents the most comprehensive gene expression profile to date for genes involved with beta cell differentiation status and function, demonstrating the usefulness of this model for studies of islet function in man.
